Abstract-With the widespread use of wireless sensors, the management of their energy resources has become a topic of research. Wireless sensors usually use batteries as their power supply but in some applications battery replacement can be cumbersome and require considerable amount of time which can affect the process being monitored. It is possible to harvest energy from the sources in nature for wireless sensors. In this article, a review of current alternative energy sources has been demonstrated in order to address the feasibility of their integration with wireless sensor networks.
I. INTRODUCTION
ire and toxic gas leakage may have consequences resulting in pecuniary loss or fatality. Monitoring of hazardous gases is one of the areas where wireless sensors have been used [1] . Systems based on wires have some disadvantages as being dependent on power supply, high maintenance costs, sometimes electrical power supply cut off occurrence, and long deployment time. The study of forest fires has been also considered as an important issue and since it may take place in some areas of difficult access, the development of wireless sensor technology can be applied in this field as well [2] , [3] . Wildfire which occurs in the countryside or wilderness area is a topic which is not yet completely resolved [4] . The satellite technology and aircrafts can track such incidents. However, there are some advantages and disadvantages associated with each method. The deployment costs for using satellites are high [1] and due to the orbital limitations not all satellites can monitor a fire event continuously [5] . Limitations of using aircrafts can arise in some areas which are prone to low altitude clouds and this can cause more obstacles in terms of visibility [5] . Wireless sensors have become an interesting topic to tackle this issue [6] , [7] . But this technology also has its own challenges. The high power consumption of combustible gas detection systems is a restricting factor which needs to be considered [8] , [9] . Sensors designed for this purpose and having on board batteries cannot have a long time life cycle [1] and moreover in some applications like structural health monitoring of critical infrastructures and buildings, it is difficult to replace or recharge batteries [10] . As mentioned in [11] , some sensor networks like BAN systems require low energy levels. Table 1 , 2 and 3 illustrate some off-the-shell components used in sensor node design [12] . As it can be seen from Table 1 , the current consumption of the gas sensors is higher in comparison with other components used in the sensor module. The operation time of the autonomous wireless sensor device is currently limited by the batteries capacity which is about 3000 mAh, 8000 mAh and 15000 mAh for the AA, C and D batteries types, respectively. Taking into account the high power consumption of sensor nodes, it is necessary to optimize the use of battery. Therefore, demands on response time require that the measurement of gas concentration for example of combustible gases be done no more than every 120 s [13] . Nature provides us with variety of energy sources which can be harvested and implemented for wireless sensor systems [14] . Some various sources which can provide the necessary amount of power include solar, piezoelectricity, thermal, wind, and radio frequency. A compilation of various energy harvesting sources is given in Table 4 [15] .
II. HARVESTING METHODS

A. Solar Energy
Typically, a sensor node which uses energy from nature, consists of several blocks such as energy harvesting module, the storage unit such as a supercapacitor, sensing element, microcontroller and a transmitter as shown in Figure 1 . Fig. 1 Wireless sensor network with an energy harvesting module [16] Photovoltaic is the technology that generates direct current from semiconductors when they are illuminated by photons. Most of the solar cells today are made of crystalline silicon (c-Si). Silicon has been the most widely used material in the production of photovoltaic modules. The mono-crystal, multi-crystal, micro-crystal and amorphous are the most widely used forms of silicon in the production of photovoltaic cells [17] Solar energy can generate enough amount of power necessary for wireless sensors [19] . A solar panel is used as an energy harvesting source for the wireless sensor in [20] .
Solar energy harvesting provides direct DC voltage and therefore additional circuit rectifications are not required. This type of energy scavenging is free of emissions since it does not produce contaminants or bypass products that are harmful to the environment [21] .
One of the limitations of solar energy is its dependency on solar radiation, which can be degraded in areas where enough sunlight is not available. Solar energy is characterized by having a varying nature [22] . The other issue associated with solar cells and for which some research is ongoing is the cooling of solar cells and recovering heat [23] .
B. Piezoelectricity
Piezoelectricity stems from the Greek word "piezo" for pressure and the word "electric" for electricity. The main advantage of piezoelectric materials as shown in Figure 2 is the high amount of voltage they can provide. Some materials which have piezoelectric effect are quartz, soft and hard lead ziconate titane piezoceramics (PZT-5H and PZT5A), barium titanate (BaTiO3) and polyvinylidene fluride (PVDF) [24] . In the piezoelectric effect the usable output voltage can be obtained directly from the material and there is no need for applying multistage post processing for generating the desired amount of voltage [25] . Piezoelectric materials require dynamic forces in order to retain the output voltage and a notable drawback of piezoelectric sensors is their inability to respond to static loads [26] .
C. Radio Energy
The possibility of harvesting RF energy, from ambient, enables wireless charging of a sensor node [27] .
Having a transmitter set, one can harvest energy from radio waves and the advantage of this alternative is the fact that the scavenging mechanism can be flexible and it is possible to control the amount of transferred energy by making it continuous i.e. on regular intervals or the amount of radiated energy can be adjusted according to the requirements of the relevant application [28] . It is necessary to note that, according to the Friis equation, the amount of power collected at the receiver side is not equal to the exact value sent by transmitter [29] .
D. Thermal Energy Thermal energy produces electricity when there is a temperature difference (Seebeck effect). Fig. 2 . The voltage generated by the piezoelectric material itself is greater than the value produced by some other harvesting sources [25] Most thermoelectric generators consist of n type and p type an array of p-and n-type semiconductors in series. Heat from a hot source reaches the hot shoe and is conducted through to the semiconductors. The hot shoe has a high thermal conductivity and as well as a high electrical conductivity. Electrons are released from n type semiconductor and establish a current through p type semiconductor. Cold shoes transfer the current to the electric load [30] .
Commercially available thermoelectric generators require a temperature difference of 10 -200 ºC [31] . This type of energy is able to provide supply DC power continuously but temperature differentials can be difficult to generate in enclosed environments [32] .
D. Wind Energy
Among the various forms of existing renewable energy sources, wind energy is one of the remarkable sources in the macro scale for generating electricity. Countries like Germany, Spain and Denmark have provided a significant amount of their required electricity by using this type of energy.
Having evaluated the given possibilities in high power electronics, its application can be also surveyed for miniaturized devices.
In the study presented in [33] , different wind turbine blade configurations (two, three and six blade propellers) within a wind speed interval of 3.5 to 7 m/s were tested. The propeller with six blades output the maximum power. The authors propose to add a solar panel to the harvesting system in case the amount of energy provided by wind energy will not suffice.
During the analysis of alternative sources for wireless sensor networks, an experiment to survey the feasibility of using wind energy as a complementary system for wireless sensor systems was performed. In this experiment, two types of blades were tested. The measured wind speed was 3.7 m/s and 4.5 m/s. In the first case, the length of each blade was 4.35 cm and in the second one, it corresponded to 8.85 cm. Figure 3 .a shows power generated by the wind turbine as a function of load. The peak power for the propeller with smaller blades at the speed of 4.5 m/s is 7.2 mW.
At 3.7 m/s, the peak value of power for the first type of blade is 5.5 mW and for the second type of blade, the maximum amount of power at the speed of 4.5 m/s is approximately 5.5 mW (Figure 3.a) . As the rotor of the DC motor starts rotating, the AC current flows in the circuit which consists of motor windings and the load.
As a result of this, self induction takes place. This effect can be seen in Figure 3 a and b for the first type of propeller when the load resistance is less than 500 Ohm and in the meantime the experimental points and the approximation do not converge. The experiment indicates that a microturbine based on a DC motor can be represented as a voltage source and an internal resistance according to the Thevenin theorem. Two factors which have caused less amount of power in our experiment in comparison with [33] are the wind speed and motor. It can be also observed from Figure  3 .a that the larger propeller provides maximum output at smaller values of load (~60 ohm) and the smaller one reaches its power peak values at higher loads (~250 ohm), i.e. depending on the load value, the necessary blade can be chosen.
This model is valid only in cases when the induced current is greater than the self induction current. Wind is a free energy that nature provides us and there is no limit in using it. It produces no polluting emissions of any kind [34] . Wind energy in some environments cannot be considered as a primary source for electricity generation due to its intermittent behavior which causes instability to the power system [34] .
III. APPLICATIONS Alternative sources can be used along with batteries as a complementary system or in case of existence of enough energy from the environment, they can be employed as primary power sources. Pipeline monitoring in industrial complexes is a remarkable example where wireless sensors can be deployed [35] . It is quite plausible to employ energy harvesting techniques as primary or secondary power supplies for the sensors in this scenario. In case of battery replacement, the harvesting technologies increase the possibility of continuous operation of the system and consequently the process will not be stopped.
Bridge health monitoring is another example discussed in [36] . In the Jindo bridge project, eight sensors out of 70 are equipped with solar panels. The charging process of the solar system is working well except one node which is not receiving enough sunlight due to its location. It is suggested that in the next deployment, either a more sensitive solar panel can be used or another type of energy harvesting may be considered [37] .
IV. ENERGY STORAGE At the moment, batteries are still the most common way to provide energy for low electronic devices. The specifications of Li -ion and thin film batteries are shown in Table 5 . The majority of wireless sensor networks are powered by batteries. As mentioned at the beginning of the article, the batteries used in wireless sensor networks have a finite lifetime which requires replacement or recharging.
Primary cells which cannot be recharged may cause a huge amount of work associated with replacement if used in a large network [38] like in the case of pipeline monitoring. Secondary batteries are rechargeable but they have a lower energy density than primary batteries [38] .
The combination of an energy harvesting scheme with a rechargeable battery or with another storage system such as a thin film rechargeable battery or a supercapacitor can be implemented for wireless sensor networks. Figure 4 shows a comparison of several storage schemes. It is assumed that the volume of energy storage scheme is 1 cm 3 . If the energy consumption is 100μW then the operation time of the primary battery lasts just for only a few months. The combination of an energy harvester with a rechargeable battery ensures a long term operation of the system. Developing this strategy maybe necessary since sometimes the output power from the energy harvesting due to their intermittent nature may not be enough to compensate for the current consumption at receive and transmit periods. This scenario is illustrated in Figure 5 .
V. CONCLUSION An overview of the alternative energy sources was presented in this review article and the experiment using wind energy demonstrated the potentiality of this source to power low electronic devices. It is necessary to note that systems for harvesting and storing energies shall be designed based on the combination of two or more sources of alternative energy. For instance, for those electronic systems performing outdoor, solar and wind energies can be considered as sources for powering the devices or in the case of low power electronic devices located indoor, radio waves and thermal energy can be designated.
The hybrid energy sources increase the probability of having uninterruptible power supply because each source can compensate some fluctuation of energy of its counterpart transmitted to the powered device.
In addition to the conventional applications of energy harvesting, this technology can be used in the concept of "Smart Homes" as well as the management and powering of real objects in the Internet of Things [40] .
In order to optimize the harvesting process using this type of energy, the following points can be considered in the future research:
1. Implement a micro wind turbine model. This defines a system where one can enter an input parameter such as wind speed and blade radius and based on that the output power can be obtained.
2. Develop hybrid models in order to feed the sensor simultaneously from more than one source. As a result, more energy can be stored for the node and this leads to storing more energy as well as providing a more realistic batteryless operation of the overall system 3. In order to ensure a continuous operation of the sensor, a combination of an energy storage scheme and the harvesting system may output a steady operation of the sensor node. 4. In terms of applications, a system composed of solar cell and micro wind turbine can be designated for pipeline monitoring since replacing batteries in these areas can take a long time and stop the process. In some areas which have enough sunlight and wind, this model can be applied to provide a continuous operation of sensors. 5. Thermal energy harvesting has also gained popularity for powering microelctronic devices. This technology can be also used in pipeline monitoring as a source to power sensors in which case it is feasible to use the temperature difference between the pipes and surrounding environment.
The possibility of harvesting energy from nature is fascinating but the cost issues of deploying such a technology shall be considered as well.
A scientific approach to implementing this feature for low electronic applications has to evaluate it and decide if energy scavenging proves better results in both technical and economical aspects in comparison with other technologies.
The research which have been carrying out in different microelectronics fields such as transmitter, microcontroller, storage schemes along with the advancements in energy harvesting technology will demonstrate more compelling results in the future. Fig. 5 . In some cases the amount of harvested energy is not enough to provide the necessary power for the transceiver module [39] TABLE V. CHARACTERISTICS OF BATTERIES AND SUPERCAPACITORS [39] , [41] , [42] , [43] , [44] , [45] , [46] * According to Ref. [46] , a battery with a 2µm-thick cathode, can output the mentioned value.
